Switched reluctance motors (SRMs) are gaining in popularity because of their robustness, low cost, and excellent high-speed characteristics. However, they are known to cause vibration and noise primarily due to the radial pulsating force resulting from their double-saliency structure. This paper investigates the effect of skewing the stator and/or rotor on the vibration reduction of the three-phase SRMs by developing four 12/8-pole SRMs, including a conventional SRM, a skewed rotor-SRM (SR-SRM), a skewed stator-SRM (SS-SRM), and a skewed stator and rotor-SRM (SSR-SRM). The radial force distributed on the stator yoke under different skewing angles is extensively studied by the finite-element method and experimental tests on the four prototypes. The inductance and torque characteristics of the four motors are also compared, and a control strategy by modulating the turn-ON and turn-OFF angles for the SR-SRM and the SS-SRM are also presented. Furthermore, experimental results validate the numerical models and the effectiveness of the skewing in reducing the motor vibration. Test results also suggest that skewing the stator is more effective than skewing the rotor in the SRMs.
I. INTRODUCTION
O VER the last three decades, switched reluctance motors (SRMs) have attracted much attention for research and industrial applications, due to their rareearth-free feature, low cost, high efficiency, and robust structure [1] - [3] , making them especially suited for hightemperature and high-speed operations. However, because of their double-saliency structure, vibration and noise are the inherent issues caused by normal force fluctuations during phase current excitations [4] , [5] , which pose a drawback for the motors in noise sensitive applications. In these machines, the attraction force can be divided into tangential and radial components relative to the rotor. The tangential force is converted into the rotational torque, and the radial force contributes to vibration and acoustic noise [6] - [9] .
In order to reduce the vibration of the SRM, some advanced technologies have been proposed, mainly following three routes: 1) accurate calculations and predictions of radial force; 2) development of the radial force control strategies; and 3) design of improved motor structures.
In [8] , the origin of vibration in the 8/6-pole SRMs is investigated, and a new method for prediction of vibration is proposed. In [9] , a fast and precise method is developed for predicting acoustic noise, based on the spectrum distribution of radial vibration measured on the stator frame. The vibration and noise characteristics of the 12/8-pole and 6/4-pole SRMs are compared and investigated in [10] , which shows a more reduced radial vibration force and less deformation in the 12/8-pole SRM. Several other methods are focused on the control strategies to reduce the radial force for the SRMs. A scheme that produces a controlled radial force for a 12/8-pole SRM is proposed in [11] by controlling all the pole currents independently. In [12] , the average torque and radial force are independently controlled in a bearingless SRM. In [13] , a hybrid excitation method with a C-dump converter is proposed to reduce the radial vibration force and acoustic noise for the SRM. A two-stage commutation strategy is employed in [14] and [15] for the same purposes.
However, the radial force control strategies cannot be adopted for various operational conditions and speed-control schemes, and the radial force cannot be completely eliminated. Considering this point, some new technologies are proposed to improve the motor structure. A low-noise SRM was designed in [16] by exchanging the commonly used slot wedges with structural stator spacers, which are made of a ceramic material. The reduction of vibration and acoustic noise in the SRM is investigated in [17] by a comprehensive analysis of the material and structure of the stator frame in relation to the SRM vibrations. In [18] , a doubly salient permanent-magnet motor, which resembles the structure of an SRM, using a skewed rotor is proposed and designed to minimize the cogging torque. A linear SRM with skewed stator [19] and a single-phase SRM with skewed stator and rotor [20] are proposed to reduce the acoustic noise and vibration by analyzing the radial force distribution on the stator yoke. However, the detailed comparisons between the motors equipped with the skewed teeth in the stator, rotor, or both are not presented and investigated. In [21] , two novel SRMs with a stepped rotor 0018-9464 © 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. and a skewed rotor are introduced and compared in terms of their fault diagnosis indices. This paper investigates the radial force distributed on the stator yoke by developing four 12/8-pole SRMs, namely, the conventional SRM, skewed rotor-SRM (SR-SRM), skewed stator-SRM (SS-SRM), and skewed stator and rotor-SRM (SSR-SRM). The radial forces distributed on the stator yoke under different skewing angles are investigated by a 3-D finite-element method (FEM) in Ansoft. The inductance and torque characteristics of the different motor structures are also compared. The three novel motors with a 22.5°skewing angle and a conventional SRM are all fabricated for experimental validation tests. The vibration signals are tested by installing an acceleration sensor on the stator frame. Furthermore, the torque and efficiency of the four prototype motors are compared in detail. The simulation and experimental tests are carried out to confirm the effectiveness of skewing in the SRMs. This paper is organized as follows. Section II presents the skewed teeth and the radial force model for the different motors. In Section III, the radial force of the motors is analyzed and compared in detail by the FEM. The numerical models are verified by the experimental results in Section IV. Finally, the conclusion is drawn in Section V.
II. SKEWED TEETH SHAPES AND RADIAL FORCE
This section evaluates the effect of skewing the stator and/or rotor of the SRMs on the radial pulsating force.
A. Structure of a Three-Phase 12/8-Pole SRM
The structure and attraction force of a three-phase 12/8-pole SRM are shown in Fig. 1 [10] . As illustrated in the figure, windings A 1 , A 2 , A 3 , and A 4 are connected in series to form the phase A winding, and the four phase currents are controlled independently. The mechanical angle of the rotor unaligned position and aligned position are defined as 0°and 22.5°, respectively. When a current is conducted in the phase winding, the attraction force relative to the rotor can be divided into tangential force and radial force. The tangential force contributes to the torque for rotor rotation, while the radial force contributes to the vibration relative to the stator yoke. 
B. Motor Structures With Skewed Teeth
In this paper, three motors with different skewing techniques (stator-skewed, rotor-skewed, and both skewed) are designed, in comparison with a standard SRM (unskewed). The four motors are shown in Fig. 2 . As illustrated in the figure, the conventional SRM is obtained by assembling the normal stator and normal rotor; the SR-SRM is obtained by assembling the normal stator and skewed rotor; the SS-SRM is obtained by assembling the skewed stator and normal rotor; and the SSR-SRM is obtained by assembling the skewed stator and skewed rotor. stator teeth, θ ss , is defined as the arc angle of the stator teeth projection on the inner circle. Similarly, the skewing angle for the rotor teeth, θ sr , is defined as the arc angle of the rotor teeth projection on the outer circle. In order to calculate these angles, a schematic is shown for the angle calculation in Fig. 4 .
As illustrated in Fig. 4 , the skewing angles for the stator and rotor teeth are given by
where l is the projected arc length, R x is the stator inner radius or rotor outer radius, and D si and D ro are the stator inner diameter and rotor outer diameter, respectively. The relationship between θ 1 and θ s can be expressed as
where L is the core length, and θ 1 is the angle between the skewed teeth and the z-axis.
C. Radial Force Model
The derivation of the mathematical force model is based on the Maxwell stress tensor in this paper. According to the Maxwell stress method, the total force is expressed as [19] 
where s is the integral surface of a selected element, and T is the Maxwell stress tensor, which is given by
where μ 0 is the relative permeability of vacuum, B is the magnetic intensity, and n is the normal vector of the vertical direction.
The tangential force density and radial force density in the air gap can be expressed as
where f t and f r are the tangential and radial force densities, respectively; B t and B r are the tangential and radial magnetic intensities from the tangential direction and vertical direction, respectively.
From (5) and (6), the tangential force and radial force in an integral surface can be found by
The torque acting on the rotor pole, as shown in Fig. 1 , can be written as
D. Radial Force on the Stator Yoke
In order to analyze the radial force distribution, a part of the stator yoke should be selected and divided into small elements for investigation [20] .
A stator pole pitch, i.e., the mechanical separation between adjacent stator teeth of the three-phase 12/8-pole SRM, is calculated by (10) where N s is the number of the stator poles. Considering the symmetric structure of the motor, a stator pole pitch needs to be selected to analyze the radial force distributed on the stator yoke. As shown in Fig. 5 , the selected yoke for 30°is divided into ten elements of 3°each, and the middle elements (3 and 4) are aligned with the central axis of the stator tooth.
In Fig. 4 , the line density of the radial force is expressed as
According to (2), (11) can be further represented by
From (12), ρ decreases as the skewing angle increases. Thus, the radial force can be smoothed out by proper teeth skewing. 
III. 3-D FINITE-ELEMENT SIMULATION
In this paper, the developed motors are simulated in Ansoft FEM environment, and the 3-D FEM simulation models are established for this investigation. The design specifications for the SRM are shown in Table I . The dimensions and ratings of the conventional SRM, novel SR-SRM, novel SS-SRM, and novel SSR-SRM are the same for the comparative study. The only differences between these four configurations are their skewing features. Fig. 6 shows the 3-D finite-element simulation model and the corresponding symbols of the prototype three-phase 12/8-pole SRM. Fig. 7 shows the comparisons of the radial force in the conventional SRM, SR-SRM, SS-SRM, and SSR-SRM with different skewing angles. The skewing angles of the motors are selected as 7.5°, 11.25°, 15°, and 22.5°, respectively, for investigation. The motors are simulated in the same operations, at the rotor aligned position of phase A, with a 1.5 A phase current. As shown in Fig. 7(a) , when the rotor is skewed with different angles, the radial force varies with respect to different elements. The force reaches its positive peak at elements 3 and 4, and its negative peak at elements 1 and 6. However, the force is reduced gradually when the skewed angle increases from 0°to 22.5°. Fig. 7(b) shows the skewed stator condition. The peak values move along with the element number increased, when the skewing angle varies from 0°to 22.5°. The radial force distributed on the stator yoke are much smaller at the 22.5°angle, than at other angles, which can reduce the stator vibration and deformation. Fig. 7(c) shows the skewing angle for the SSR-SRM. The radial force is also reduced at 22.5°, which is similar to the force distribution in the SS-SRM.
Considering that the radial forces of the SR-SRM, SS-SRM, and SSR-SRM are all reduced as the skewing angle increases, the radial forces of the three motors for the 22.5°skewing angle are obtained and shown in Fig. 8 . The SS-SRM and the SSR-SRM both have much reduced radial force, compared with the SR-SRM. However, the force distributions are very similar between the SS-SRM and the SSR-SRM. The transient radial force distribution at different rotor positions can be seen in Fig. 9 , where F r1 ∼F r10 are the radial forces on the divided elements 1∼10, respectively. The maximum radial forces of the SR-SRM, SS-SRM, and SSR-SRM are all reduced compared with the conventional one, although the rotor position for the maximum force may be different. The SS-SRM and the SSR-SRM both have significantly reduced radial force, which also agrees with the analytical results in Fig. 8 . Fig. 10 shows the comparisons of the static inductance and torque between the conventional SRM, SR-SRM, SS-SRM, and SSR-SRM in the case of 22.5°skewing angle. As shown in Fig. 10(a) , the inductance profile of the SS-SRM and SR-SRM changes more significantly than that of the conventional SRM. The inductance of the SSR-SRM decreases slightly at the rotor positions of 15°and 20°, and increases slightly at 30°, while other angular points match well with the traditional one. The inductance phases of the SR-SRM and the SS-SRM are a leading 10.5°and a lagging 10.5°, respectively. In Fig. 10(b) , compared with the conventional SRM, the torque decreases remarkably for the SR-SRM, and slightly for the SS-SRM, which again match well with the SSR-SRM. However, the decreased torque will lead to the efficiency reduction. As illustrated in the figure, the torque phases of the SR-SRM and the SS-SRM are advanced for 10.5°and lagged for 10.5°, respectively. In order to ensure that the current conducts in the same torque region in accordance with the conventional SRM, the turn-ON and turn-OFF angles of stator currents should be set as a leading 10.5°for the SR-SRM, and a lagging 10.5°f or the SS-SRM, compared with the conventional SRM. Fig. 11 shows the magnetic flux density for the SRM and the SSR-SRM with the stator and rotor both skewed 22.5°, at the aligned position of phase A. These distributions are obtained by a dc current excitation of 1.5 A in phase A winding. It can be observed that the flux densities in the excited stator poles and aligned rotor poles are much higher than in the other stator and rotor poles. The flux lines in the SRM and the SSR-SRM cross the air gap to the rotor and complete their path through the adjacent pole winding back into the stator, and they are intensified along the shortest path through the stator teeth, as shown in Fig. 12 .
IV. EXPERIMENTAL RESULTS
In order to compare the performance of these SRMs, four motors, namely, the conventional SRM and the 22.5°skewed SR-SRM, SS-SRM, and SSR-SRM are all designed and prototyped for experimental validation, by assembling the different stators and rotors. In reality, We need only two stators and two rotors (see Fig. 13 ) to achieve the combination of four motors. An experimental setup is developed for tests, and the schematic of its control system is shown in Fig. 14. In the experiments, the SRMs are powered by an adjustable 120 V dc power supply. A dSPACE-DS1006 control board is employed as the main controller to generate the drive signals. An asymmetric half-bridge converter is employed to drive the motor. The phase currents are measured by the Hall-effect current sensors (LA-55P) and processed by a multi-channel analog-to-digital converter for current regulation control. The rotor position is obtained by using an incremental encoder with 2500 lines. In the schematic, the outer loop is a motor speed controller, which reads the rotor angular position and calculates the motor speed for the closed-loop control. A current hysteresis control scheme is developed to make up a current controller, and a proportional integral algorithm is used to give the current reference to regulate the motor speed. An acceleration sensor is installed on each stator frame to measure the vibration signal.
The vibration test is performed under the rated load of 0.95 N · m and a conducted region of 22.5°. Fig. 15 shows the experimental results for the conventional SRM at a low speed of 300 r/min and a high speed of 1500 r/min, respectively; where U a is the phase A voltage, i a is the phase A current, P a is the rotor position of phase A, and V ib is the vibration signal of the motor. The turn-ON angle is set to 0°, and the turn-OFF angle to 22.5°. The vibration at high speed is stronger than that at low speed. In the case of the SR-SRM, the turn-ON and turn-OFF angles are set to −10.5°and 12°, respectively, which are both advanced by 10.5°to ensure a current conduct in the same torque region in accordance with Fig. 16 , the vibration level is reduced by 55% at 300 r/min and 51% at 1500 r/min, due to the use of skewed rotor. As to the SS-SRM in Fig. 17 , the turn-ON and turn-OFF angles are set to 10.5°and 33°, respectively, which are both set lagged for 10.5°according to the torque characteristic, and the vibration level is obviously reduced by 65% at 300 r/min and 63% at 1500 r/min, due to the use of the skewed stator. In terms of the SSR-SRM, as shown in Fig. 18 , the vibration level is obviously reduced by 68% at 300 r/min and 65% at 1500 r/min, because of skewing in both the stator and rotor, without the need for turn-ON and turn-OFF angles modulation. It can be seen that the SS-SRM and the SSR-SRM both have lower vibration levels than the conventional SRM and the SR-SRM at low and high speeds. Fig. 19 shows a comparison of the torque and efficiency characteristics of the conventional SRM, SR-SRM, SS-SRM, and SSR-SRM at different speeds. Clearly, the measured efficiency and torque of the SR-SRM fall off obviously and those of the SS-SRM drop slightly, compared with the conventional SRM. However, the efficiency and torque of the SSR-SRM are almost identical to those of the conventional SRM. The performance comparison of the four motors is summarized in Table II . It can be found that the SS-SRM and the SSR-SRM both have lower vibration, higher torque, and higher efficiency than the SR-SRM. Although skewing the rotor can reduce the motor vibration, its torque and efficiency are also reduced.
As a result, this paper suggests that skewing the stator is more effective.
V. CONCLUSION
In this paper, four different three-phase 12/8-pole SRMs, namely, the conventional SRM, SS-SRM, SR-SRM, and SSR-SRM are introduced and designed, to investigate the effect of skewing on the radial vibration force, which is the main source of vibration. The radial forces distributed on the stator yoke under different skewing angles for the skewed motors are compared with those of the conventional SRM by establishing a 3-D FEM model in Ansoft. The inductance and torque characteristics are illustrated to show the performance and angle modulation for the three novel motors. The four motors are all designed and fabricated for experimental investigation at low-and high-speed operations.
From this work, the following are found. 1) Skewing can reduce the vibration of the SRMs, and the radial forces of the SS-SRM, SR-SRM, and SSR-SRM are all reduced with the skewing angle.
2) The SS-SRM and the SSR-SRM have similar and significantly reduced radial forces compared with the SRM and SR-SRM.
3) The turn-ON and turn-OFF angles of stator currents should be adjusted: both advanced for the SR-SRM and both lagged for the SS-SRM. 4) The torque and efficiency of the SR-SRM are reduced, while the SS-SRM and the SSR-SRM can be operated with little reduction in torque and efficiency. 5) It is suggested that skewing the stator is more effective to mitigate the vibration than skewing the rotor in the SRMs.
